Nanostructures play an important role in thermoelectric materials. Their thermal stability, such as phase change and evolution at elevated temperatures, is thus of great interest to the thermoelectric community. In this study, in situ neutron diffraction was used to examine the phase evolution of nanostructured bulk PbTe-PbS materials fabricated using hot pressing and pulsed electrical current sintering (PECS). The PbS second phase was observed in all samples in the as-pressed condition. The temperature dependent lattice parameter and phase composition data show an initial formation of PbS precipitates followed by a redissolution during heating. The redissolution process started around 570-600 K, and completed at approximately 780 K. During cooling, the PECS sample followed a reversible curve while the heating/cooling behavior of the hot pressed sample was irreversible.
INTRODUCTION
Performance of thermoelectric materials can be characterized by their dimensionless figure of merit, Z = TS 2 r/(j e + j L ), where T is the absolute temperature, S is the Seebeck coefficient, r is the electrical conductivity, and j e and j L are electronic and lattice (phonon) thermal conductivities, respectively. 1 In order to enhance the figure of merit, one may increase the Seebeck coefficient, electrical conductivity, or decrease the thermal conductivity. Several classes of thermoelectric materials are being investigated for renewable power generation applications including tellurides, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] half-Heuslers, 13, 14 and silicides. 15 Many recent studies have demonstrated that introducing nanostructures in PbTe based pseudobinary materials can effectively reduce the lattice thermal conductivity and thus increase ZT. [2] [3] [4] [5] [6] [7] [8] [9] [10] Nanostructures in these material systems were believed to be induced by either spinodal decomposition or nucleation and growth of precipitates as a result of limited solubility of the second phase in the PbTe matrix. PbTe-PbS is one example of PbTe-based nanostructured bulk thermoelectric materials, which possesses a ZT as high as 1.5 at 642 K when the molar concentration of PbS is 8%. 3 A more recent study by Wu et al. 16 demonstrated that K doped PbTe 0.7 PbS 0.3 exhibited high ZT values (>2) over a wide temperature range between 673 K and 923 K, making this material a good candidate for thermoelectric power generation. For the 8% PbTePbS material, it was found that no PbS second phase could be detected in quenched samples by powder x-ray diffraction; while nanoscale precipitates ($10 nm and $100 nm) were observed in the annealed samples using transmission and scanning electron microscopies. 4 Therefore, it was concluded that rapid cooling generated a PbTe-PbS solid solution and subsequent heat treatment could induce nano precipitates due to nucleation and growth. 4 Later, the same research group conducted a high-temperature x-ray study on PbTe-PbS powders. 5 It was confirmed that in the PbTe-8%PbS system, the PbS second phase started to precipitate at 498 K during heating. However, the PbS peaks disappeared above 773 K, implying the dissolution of the nano precipitates.
On the other hand, efforts have been made to study the thermal stability of bulk PbTe-PbS materials fabricated using powder processing techniques, which possess better mechanical properties than their counterparts fabricated by ingot casting. 17, 18 Ni and coworkers reported significant ''bloating'' problem, i.e. development of porosity, in PbTe-PbS samples processed by commonly used hot pressing (HP) technique, which could be solved by replacing HP with pulsed electric current sintering (PECS) of dry milled PbTe-PbS powders. 19, 20 Using thermomechanical analysis (TMA), Ni et al. 20 also observed an unrecoverable dimensional change above 603 K, which was likely caused by the bloating induced volume increase.
Regarding nanostructures in powder processed (e.g. HP, PECS) PbTe-PbS materials, one would hope these thermomechanical processing will not affect the existence and thermal stability of the nanostructures, which is key to their thermoelectric properties. However, there is not yet direct evidence to support this hypothesis. From the technical point of view, the high temperature x-ray technique may not be suitable to study bulk PbTe-PbS powders 5 because of the limited penetration depth of x-rays in this material. Therefore, in this study we utilized an in situ neutron scattering technique to investigate possible phase evolution in bulk PbTe-PbS samples between room temperature and 933 K.
EXPERIMENTAL METHODS
Three bulk samples were included in this study (Table I ). All samples were obtained from ingots with a nominal composition of PbTe-8%PbS. Cast ingots were ball milled without organic solvent in an inert atmosphere, which yielded powders with an average particle size of 6 lm. Densification was then performed in an inert atmosphere via either hot pressing or pulsed electric current sintering (PECS). In particular, these two processing routes (hot pressing and PECS) were selected for this study since they represent the two most common techniques found in the literature for densifying thermoelectric materials. It should be noted that PECS-1 sample had 2 vol.% of SiC nanoparticles introduced during the ball milling process to enhance the mechanical properties. 18 Detailed information regarding sample preparation can be found elsewhere. 18, 20 Neutron diffraction experiments were conducted on the VULCAN instrument at the Spallation Neutron Source, Oak Ridge National Laboratory. 21 Diffraction experiments were carried out between room temperature and temperatures listed in Table I . Samples were sealed in vanadium tubes and placed in a vacuum furnace. The nominal heating and cooling rates were kept at 3 K/min. Diffraction data were collected at 30 K temperature intervals after a hold time of at least 30 min at the target temperatures to ensure the samples reached thermal equilibrium. The diffraction data were analyzed by Rietveld refinement with the GSAS (General Structure Analysis System) software. 22 Since PbTe-8% PbS material exhibits a peak ZT around 642 K, 2 HP-1 and PECS-1 were heated between room temperature and 663 K to compare the effect of processing on the material behavior. In the third experiment performed on PECS-2, the sample was heated to 933 K, at which temperature PbTe-8% PbS should form solid solution. Therefore, the third experiment was designed to explore both the entire re-dissolution process of PbS upon heating and the formation of precipitates during cooling (if any). Unfortunately, no diffraction signal from the sample was detectable during cooling likely because the sample sagged out of the beam path, which was later confirmed by visual observation after the experiment. Figure 1a shows the neutron diffraction profiles of the hot pressed sample (HP-1, Table I ) measured at different temperatures. Collection of cooling data was stopped at 393 K (120°C) to save neutron beam time because furnace cooling became very slow when approaching room temperature. Most of the peaks shown in Fig. 1a are attributed to the PbTe phase. Three peaks associated with the PbS phase, namely (200), (220), and (311), can be identified (indicated by the arrows in Fig. 1a ). These peaks were observed prior to heat treatment, indicating the existence of the PbS phase after hot pressing. However, the intensity of the PbS (200) peak became stronger after the heat treatment at 663 K for 30 min, implying the formation of additional PbS after the heat treatment. A third phase (indicated by the question mark in Fig. 1a ) that could not be identified was present in HP-1, but not in the two PECS samples.
RESULTS AND DISCUSSION
The lattice parameter of the PbTe-rich matrix is plotted as a function of temperature in Fig. 1b . At room temperature ($298 K), the lattice parameter of HP-1 was 6.442 Å , which is smaller than that of the pure PbTe (6.462 Å 23 ) but larger than the pure PbS (5.936 Å 24 ). As shown in Fig. 1b , the lattice parameter of the matrix phase initially increased nearly linearly with increasing temperature. The average CTE (coefficient of thermal expansion) between room temperature and 603 K is calculated to be 22.4 ± 0.7 9 10 À6 /K (Table I) . Between 603 K and 663 K, the lattice parameter slightly decreased, which may be explained by the redissolution of PbS into the matrix since PbS has a smaller lattice parameter than PbTe. During cooling, the lattice parameter decreased linearly from 663 K to 393 K, corresponding to a CTE of 22.5 ± 0.4 9 10 À6 /K (Table I) . The CTE values obtained in this study are higher than those of either the pure PbTe (20.4 9 10 À6 /K) 25 or the pure PbS (20.1 9 10 À6 /K), 26 but comparable to the CTE values measured using x-ray diffraction on similar PbTe-PbS powders. 20 It is interesting to note that the cooling curve didn't follow the heating curve and the lattice parameters during cooling were smaller than those at the same temperatures during heating.
For HP-1, the molar fraction of the PbS in the PbTe-rich matrix (assuming PbS is the only solute) is calculated using the Vegard's law (Fig. 1c) . The temperature-dependent lattice parameters of PbTe and PbS were estimated from their room temperature values 23, 24 and their CTEs. 25, 26 Prior to the heat treatment, the matrix contained approximately 1.5% PbS, which remained relatively unchanged between room temperature and 573 K. Upon further heating, the PbS content sharply increased as a result of redissolution. After cooling, the PbS concentration in the matrix increased to approximately 4% at 393 K, indicating the redissolved the PbS remained in the matrix (Fig. 1c) .
Using a dilatometric method, Ni et al. 20 found an unrecoverable dimensional increase was induced in hot pressed PbTe-PbS when the sample was heated to 600-650 K, which was attributed to development of internal porosity upon heating. This unrecoverable dimensional increase reported by Ni et al. 20 and the unrecoverable decrease in lattice parameter (Fig. 1b) and the associated change in the composition of the matrix (Fig. 1c) seem to occur in similar temperature range. However, the apparent similarity between the results of the Ni et al. 25 study and the phenomena observed in this study requires further investigation.
For PECS-1 (Table I ) the temperature dependent neutron profiles are shown in Fig. 2a , where the heating data was collected between room temperature ($25 K) and 663 K, while the cooling data was collected between 663 K and 393 K. In PECS-1, only peaks associated with PbTe and PbS (see the arrows in Fig. 2a ) were detected and all peaks were stable throughout the heat treatment. The lattice parameter of the matrix phase (PbTerich) is shown in Fig. 2b , where heating and cooling data were repeatable below 573 K corresponding to a CTE of 22.4 ± 0.3 9 10 À6 /K in this temperature range (Table I) . This behavior for PECS-1 is quite different than that observed for HP-1 (Fig. 1b) . Figure 2c shows the molar fraction of PbS in the matrix of sample PECS-1. Upon heating, the molar fraction of PbS initially remained relatively unchanged below 533 K, followed by a decrease between 543 K and 603 K, implying precipitation of PbS out of the matrix. Above 603 K, the molar fraction of PbS increased as a result of redissolution. During cooling, the molar fraction of PbS initially decreased between 663 K and 573 K, which then became relatively unchanged below 573 K (Fig. 2c) . For PECS-1 sample the heating and cooling data exhibited good agreement below 543 K (Fig. 2c) .
For the PECS-2, the specimen was heated to a maximum of 933 K, in contrast to PECS-1 that was heated to a maximum of 663 K. As previously mentioned, no data could be collected during cooling likely because the sample softened and moved away from the neutron beam. Figure 3a shows the neutron diffraction profiles as a function of temperature, where the PbS peaks were visible prior to heating and disappeared around 780 K as indicated by the disappearance of the PbS (200) peak circled in Fig. 3a . As shown in Fig. 3b , during heating the lattice parameter of the matrix phase increased nearly linearly from room temperature to $633 K, then slightly decreased, and increased again above 783 K. The ''plateau'' region of the curve represents the temperature range where PbS precipitates redissolve into the PbTe-rich matrix, resulting a decrease in the lattice parameter, which offsets the temperature-induced lattice expansion. At temperatures greater than 783 K, redissolution of PbS was complete and the thermal expansion became dominant again. Figure 3c plots the relative lattice strain as a function of time during the isothermal hold at 693 K. The straight black line (Fig. 3c) is a trend line showing the decrease in the lattice strain as a result of a continuous redissolution of PbS at 693 K.
The molar percentage of PbS in the matrix for sample PECS-2 initially decreases from room temperature to 603 K, followed by a rapid increase between 603 K and 783 K, and a ''plateau'' above 783 K (Fig. 3d) . The rapid increase in the molar percentage of PbS illustrates the process of redissolution of PbS into the matrix, which is complete around 780 K. The PbS concentration in the matrix was approximately 5% after the completion of the redissolution, which is lower than the nominal 8% PbS content. As previously mentioned, Girard and coworkers 5 also reported the disappearance of the xray diffraction (XRD) peaks of PbS in the same material system above 773 K.
It is important to note that the molar fraction of PbS in the matrix was calculated based on the Vegard's law assuming the matrix is a solid solution between PbTe and PbS. The lattice parameters of PbTe and PbS at high temperatures were estimated using their room temperature values and CTEs obtained from literature. [23] [24] [25] [26] The uncertainty in the estimated PbS molar fraction consists of uncertainties associated with the lattice parameter calculations and the CTE measurements. In this study, the uncertainty in the lattice parameter obtained from the Rietveld refinement is less than 0.006%, while the uncertainty of the CTE calculation is as large as 3.1%. Assuming the literature data on PbTe and PbS [23] [24] [25] [26] possessed similar levels of uncertainties, the upper bound in the uncertainty for the estimated PbS molar fractions would be 5.4%, which is illustrated by the error bars in Figs. 1c, 2c and 3d . In addition, the interaction between the matrix and the PbS precipitates may affect the thermal expansion behavior of the matrix phase, which is not accounted for in the current calculation. Nevertheless, the molar fraction of PbS estimated in this study (Figs. 1c, 2c and 3d ) can still provide useful information about the relative change in the phase composition during heat treatment.
As shown in Figs. 2c and 3d , the onset temperature of the redissolution was 603 K for the two PECS samples. However, in HP-1 dissolution started as low as 573 K (Fig. 1c) . Also, the initial PbS content in the matrix was lower in HP-1 than in either PECS-1 or PECS-2. In addition, as previously pointed out that the cooling behavior was very different between the hot pressed and PECS processed specimens, namely there was a considerable hysteresis between the heating and cooling lattice parameter values for the hot pressed specimen that was not present in the lattice parameter versus temperature data for PECS-1. These differences, in conjunction with previously reported different ''bloating'' behavior for hot pressed versus PECS processed specimens, 19, 20 indicate the effects of different processing techniques (hot pressing versus PECS). The potential for dimensional instability for hot pressed PbTe-PbS has important implications in practice. For example, thermoelectric elements are soldered into place to construct thermoelectric generators and these spatial constraints on the elements can lead to stresses that can imperil the mechanical integrity of the generator if dimensional stability is lost. 27, 28 However, establishment of a clearly correlation between the processing conditions and the thermal behavior requires additional studies in the future.
On the other hand, there is limited information about the effects of phase evolution on the thermoelectric properties for the PbTe-PbS materials. Girard and coworkers 4 examined the quenched PbTe-8%PbS material and discovered that its lattice thermal conductivity significantly decreased when the PbS nanostructure formed. Meanwhile, the carrier concentration increased leading to a higher electrical conductivity while the mobility remained relatively unchanged. 4 In contrast, no detailed investigation has performed on hot pressed or PECS PbTe-PbS materials to investigate the effect of phase change on their electrical and thermal transport properties, and therefore related studies in the future are highly desired.
CONCLUSIONS
Bulk PbTe-PbS samples fabricated by hot pressing and pulsed electric current sintering (PECS) techniques were studied using neutron diffraction. For each of three samples involved in this study, a second PbS phase was observed prior to the heat treatment. Two stages of phase evolution upon heating were observed: precipitation of PbS (room temperature to $570-600 K) and redissolution of PbS ($570-600 K to $780 K). During cooling, the PECS processed specimen (PECS-1) showed reversible changes in lattice parameter while that of the hot pressed sample (HP-1) showed a hysteresis, which was much larger than uncertainties in the lattice parameter calculations. Such differences between the behavior of PbTe-PbS processed by PECS and by hot pressing are important since (1) hot pressing and PECS are the most common processing techniques for PbTePbS and many other thermoelectric materials and (2) hysteresis in thermal expansion is potentially detrimental to the mechanical integrity of thermoelectric modules and generators. Thus, the effects of processing on the thermal stability and phase evolution of PbTe-PbS and likely other thermoelectric materials should be investigated more thoroughly in the future.
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